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ARTICLE INFO ABSTRACT 

Keywords: Aluminium alloys are widely used in modern engineering applications such as automobile, aerospace etc because 
Aluminum alloy of its characteristics. The machining of aluminium alloys are also considered as difficult because of its sticky and 
Cooling conditions soft nature, low thermal conductivity, strain hardening effect etc. The cooling conditions employed at cutting 
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zone improved the machining performance but the resources, material consumption, skilled labor etc. are also 
required for performing the machining experiments. Therefore, the simulation of process parameters with the 
help of Finite Element Modelling (FEM) during machining is highly researched topic these days. In this work, a 
new practice from measurement science i.e., FEM simulation was performed with AdvantEdge software and the 
prediction models were developed for evaluating the cutting forces and cutting temperature while machining 
AA2024-T351 alloy under dry, liquid nitrogen (LN2) and carbon dioxide (CO2) conditions. Initially, the 3D 
turning model was developed and the results were compared with experimental findings. The results obtained 
from simulation model are very close with experimental results with minimum standard value of 0.67 (5.7%) for 
cutting forces and 4.58 (6.16%) for cutting temperature. Thus, it is worthy to mention that the 3D FE model is 
efficient and effective to predict and measurement results with minimum error. 


properties of the materials, there are also negative aspects. In particular, 
mechanical properties are directly effective in shaping the material 
(machining, cutting, bending, etc.) [6]. The shaping of materials by 
removing chips (turning, milling, drilling, etc.) has an important share 
in the manufacturing industry [7]. The machinability of the materials is 
of great importance in terms of cutting tools, cutting forces and surface 
roughness [8]. In the recent studies, materials were divided into two 
categories such as easy to machine and difficult to cut materials [9]. The 
easy and difficult machinability of the material is directly dependent on 
the mechanical properties of the material (flow, rupture, hardness, etc.) 
and the cutting parameters. Materials with high mechanical properties 
(for example, hardness) are difficult to process, while materials with low 
mechanical properties may be easier to machine. In the processing of 
materials with high mechanical properties, higher cutting forces and 
consequently higher temperatures may occur [10]. Although the 
machining of materials with low mechanical properties seems to be 
problem-free in terms of cutting forces and cutters, in some materials, it 


1. Introduction 


Aluminum is one of the most used materials in engineering after steel 
and cast iron [1]. In particular, Al-Cu alloys are increasingly used in 
aircraft and automotive industries due to its low density (2.7 gm/cm?), 
higher strength (18-26 kg/mm?) compared to other Al alloys, and heat 
treatment applicability [2,3]. In general, metal materials are not used as 
much as they are obtained from nature. They have low mechanical 
properties (hardness, rupture, wear, etc.) as in pure aluminum material. 
Various methods are applied to improve the mechanical properties of 
materials. Alloying and heat treatment are some of the applied methods 
[4]. AA2024-T351 is the addition of alloying elements to pure aluminum 
material, and then tempering with the process of T351 that means so- 
lution heat-treated, stress-relieved with a controlled amount of 
stretching [5]. 

In addition to the positive aspects of the changing mechanical 
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Nomenclature 

FEM Finite Element Modelling 

LN2 liquid nitrogen 

CO2 carbon dioxide 

ALE Arbitrary Lagrangian-Eulerian 
BUE Built-up-Edge 

FEA Finite element analysis 

o? flow stress 

& plastic deformation 

æ deformation rate 

¿o reference plastic deformation rate 
T workpiece temperature 

Tm workpiece melting temperature 


room temperature 

yield strength (MPa) 
hardness modulus (MPa) 
strain rate sensitivity coefficient 
hardness coefficient 

thermal softening coefficient 
initial failure strain 
exponential factor 

triaxial factor 

strain rate factor 
temperature factor 

cutting speed 

feed rate 
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can also bring about negativities such as chip adhesion on the cutting 
insert, deterioration of the surface quality. Especially in the machining 
of aluminum alloys under dry cutting conditions, negative effects such 
as deterioration of the machined surface due to Built-up-Edge (BUE) 
formations and increase in cutting forces are observed a lot [11]. Apart 
from the mechanical properties of the materials, improperly selected 
cutting parameters (cutting speed, feed, depth of cut, etc.) can also cause 
negative effects such as increased cutting forces, low tool life, poor 
surface roughness [12,13]. For that reason, cryogenic cooling processes 
are needed to avoid mentioned negativities in machining of aluminum 
alloys [14,15]. In the cryogenic cooling process, the materials are cooled 
to very low temperatures (around —196 °C) to achieve the desired 
metallurgical and microstructural properties [16,17]. 

Reduction of these temperature is possible by feeding the system 
with controlled liquid nitrogen (N2) or CO% and using the most suitable 
insulation materials [18,19]. Some important studies based on cryo- 
genic cooling in machining of various alloys are summarized below. 
Chetan et al. [20] analyzed the tribological performance of Ti6Al14V 
alloy in machining with wet and cryogenic cooling conditions. The au- 
thors stated that cryogenic cooling is better than wet conditions in 
machining based on tool wear, carbon emission, machining cost. Ding 
and Hong [21] studied on cryogenic machining of AISI1008 steel 
considering, tool wear, temperature and surface quality and found that 
cryogenic is superior process for better surface quality, less tool tem- 
perature and wear. Sivaiah and Chakradhar [22] examined the 
machinability performance of 17-4 PH stainless steel with coated car- 
bide cutting tools under cryogenic condition. The researchers indicated 
that cryogenic cooling successfully decrease the cutting region temper- 
ature and so can be suggested in machining of difficult to cut materials. 
Jebaraj et al. [23] compared the coolants of LN2 and COz in cryogenic 
machining of AISI L6 steel via TiAIN coated carbide cutting tools. They 
suggested that CO2 coolants are better than LN% in terms of surface 
quality while LN2 conditions are better than CO2 based on cutting forces. 
Khanna et al. [24] associated the dry, flood, MQL and cryogenic cooling 
conditions in machining of stainless steel via carbide inserts. The authors 
revealed that cryogenic condition is more superior to MQL cooling 
condition in terms of surface quality, energy consumption and tool wear. 
Outerio et al. [25] researched on surface integrity in turning of AZ31B-O 
magnesium alloy under dry and cryogenic cooling conditions and finally 
showed that cryogenic cooling is better than dry condition based on 
cutting forces. Kaynak [26] evaluated the machinability performance of 
Inconel718 alloy under dry, MQL and cryogenic cooling conditions. The 
scientist conclusively found that cryogenic is the best machining con- 
dition based on tool wear and cutting zone temperature, while MQL is 
the best condition on surface quality. Eapen et al. [27] studied on dry 
and cryogenic machining of AA6063 aluminum alloy and dedicated that 
cryogenic condition is more suitable than dry condition for higher sur- 
face quality. 


As mentioned above, these studies are commonly costly, material 
wasting and thus not eco-friendly. Therefore, some numerical methods 
are suggested in the research field. The most used in machining pro- 
cesses are the finite element method. Finite element (FE) method, 
providing the resolution of a complicated problem, is a popular and 
effective method used in several engineering applications [28]. Complex 
engineering problems involve complex solutions. This confusion also 
distracts the solution phase from sensitivity. The finite element method 
can be used to solve complex problems in the shortest way with the 
closest solution to the right result. The main finite element software’s 
used in the machining industry are DEFORM 3D, LS-Dyna, ABAQUS and 
Thirdwave Advantedge. Several critical studies based on FE in 
machining of aluminum alloys are summarized below. Li et al. [29] 
verified the finite element model of experimental high speed machining 
process with AA6061-T6 aluminum alloy. The authors also confirmed 
the Johnson-Cook model parameters of this alloy that are previously 
determined experimentally under high strain rates. Mali et al. [30] 
validated the simulational cutting forces with the experimental results 
by performing dry turning process to AA7075 aluminum alloys. The 
researchers also compared and confirmed the tool wear, chip behaviour 
and stresses on the cutting inserts from FE model. Lima et al. [31] 
studied on comparison of cutting temperatures between FE and exper- 
imental results in milling of AISI D2 steel by thermocouple methods and 
the finally verified the FE model by experimental conditions. Baraheni 
et al. [32] developed a FE model for ultrasonic drilling of 7075 
aluminum alloy. The researchers verified the FE model through exper- 
imental drilling tests by higher than 80% accuracy. Khajehzadeh et al. 
[33] compared the experimental and FE results of ultrasonic turning for 
AISI 4140 steel. The scientists verified the FE thrust forces and residual 
stress via experimental drilling tests by 91% and 87%, respectively. 
Huang et al. [34] created a FE model for high speed milling of aluminum 
7075 alloy and then confirmed the model with experimental milling 
processes under same conditions by high accuracy. 

It is seen that studies of FE machining based on cryogenic cooling 
conditions for AA2024-T351 alloy is very limited in the literature. 
Although this alloy is highly used in aerospace applications, but still the 
work on simulation under different cooling condition is quiet limited. 
Therefore, the purpose of this research is to develop a FE model based on 
dry and LN2/COz cryogenic turning, and evaluate the performance of 
machinability in terms of cutting forces and cutting temperature for 
AA2024-T351 alloy. Moreover, the main aim is to contribute to the so- 
lution of the important problems mentioned in the related research on 
manufacturing. It is observed that there are differences in the cooling 
techniques used in scientific research and manufacturing. In this regard, 
it is intended that the results of this study are directly engaged in 
manufacturing and scientific research. Initially, the 3D cryogenic model 
was developed with FEM practice and the responses were predicted. 
Then, the comparison has been made with experimental results. The 
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complete analysis of this work is shown in next sections. 


2. Formulation of 3D cryogenic assisted Johnson-Cook turning 
model 


2.1. Introduction of FE model 


One of the most widely used solutions in recent years is finite 
element analysis, which divides complicated systems into particles, 
transforms them into idealized structures, and solves them mathemati- 
cally [35]. For derivatives of finite elements, which are subcomponents 
of approximation functions, the finite element approach follows specific 
procedures [36]. The numerical solution procedure for parameters at 
specific points is defined as the nodes of each element and is applied to 
the computation of finite solutions when determining the solution to the 
problem for the entire geometry [37]. Finite element analysis (FEA) is 
considered as an effective method that can be used to solve problems 
that are difficult or impossible to solve analytically [38]. The initial 
stage in finite element analysis is to discretize the geometry, after which 
the geometry is split into finite elements. The Arbitrary Lagrangian- 
Eulerian (ALE) mesh does not fix points on the geometry surface to 
the material or to a specific region; instead, it is based on arbitrary 
movement of points and that’s why, the material flow is point- 
independent. Compared to both mesh topologies, ALE produces better 
outcomes [39]. ALE network algorithms are used in more than one 
software to solve metal cutting problems. Some of them are ABAQUS, 
DEFORM, Third Wave AdvantEdge, ANSYS LS-DYNA, and from them, 
users get very good results. The re-meshing technique employed in 
several software’s helps further reduce errors in the analysis [40]. 
Tetrahedral meshes used in this FE study are utilized in a variety of 
applications, including fracture, haptics, solid modeling, surgical sim- 
ulations, and the modeling of biological tissue such as the brain, knee, 
and even adipose tissue, as well as machining simulations. In order to 
analyze chip formation using the finite element method in machining 
operations, some boundary conditions need to be defined [41]. The 
entered boundary conditions play an active role in defining the limits 
and loading conditions to solve the problem. It is feasible to simulate 
chip formation by selecting the right modeling approach, establishing 
the boundary conditions, calculating the material’s deformation rate, 
and knowing how the workpiece material will react during plastic 
deformation [42]. The strain rate and heat effects of the constitutive 
equations must be set to define the model’s dynamic behavior [43]. In 
metallic materials, stress, strain and strain rate vary with temperature 
[44]. One of the most important models considering strain and heat 
effects in metallic materials is the Johnson-Cook (JC) constitutive model 
[45]. Moreover, it is possible to create material models such as rigid 
plastic, elastic-plastic, thermo-elastoplastic, thermo visco-plastic by 
using these models [46]. The Johnson-Cook constitutive model 
employed [47] by Third Wave AdvantEdge can be seen in Eq. (1). 


0 +i fae T= Tr Na 
o = (A+ B(e’)")| 1+ Cin A -G= ) (1) 
In Eq. (1), 0°, &, é, &9, T, Tm and Tr represent flow stress, plastic 
deformation, deformation rate, refers to reference plastic deformation 
rate, workpiece temperature, workpiece melting temperature, room 
temperature, respectively. The coefficient A, B, C, n, and m show yield 
strength in MPa, hardness modulus in MPa, strain rate sensitivity coef- 
ficient, hardness coefficient and thermal softening coefficient, respec- 
tively [47]. Also, a damage model is needed for chip separation. For 
equivalent fracture strain, JC damage model [48] is used as seen in Eq. 


(2). 


r- (pnei) (1+0.m(£))(140(Z=2)) w 
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Here, stress triaxiality is represented by 2 and P refers to hydrostatic 


pressure which is the mean of three-dimensional normal stresses. & 
denotes the fracture strain experienced at chip separation that is a part 
of dynamic metal cutting processes. In addition, D1, D2, D3, D4 and Ds 
are constants for initial failure strain, exponential factor, triaxial factor, 
strain rate factor and temperature factor, respectively. The general 
geometric structure for finite element analysis with Third Wave 
AdvantEdge is presented in Fig. 1. As the turning method, 3D nose 
turning shown was preferred. Fig. 1 shows the overall geometric 
framework for finite element analysis through by with Third Wave 
AdvantEdge. The 3D nose turning approach was chosen in cutting 
process. 


2.2. Work piece and cooling condition details 


The appropriate transfer of the material model to the software is 
critical to the success of the numerical analysis of machining. For this 
reason, the correct determination of material properties and adapting 
them as inputs reflect the success of the modeling. In present study, 
AA2204-T351 workpiece material with dimensions of 1x1x3 mm was 
used for the finite element analysis. The JC parameters in Table 1, 
fracture constants in Table 2, chemical composition in Table 3 and 
mechanical and thermal features of AA2204-T351 alloy in Table 4 can 
be seen. 

As illustrated in Fig. 2, the cutting tool was CVD coated TiC-Al203- 
TiN carbide insert (each presumed to be 1 m thickness [50]) with an ISO 
number of CNMG 120408. Table 5 lists the characteristics of utilized 
carbide cutting insert. 

Cryogenic basically refers to very low temperatures [52]. Although 
several assumptions exist, the temperature that separates cryogenic 
from ordinary cryogen is usually regarded as —150° C. Based on this 
assumption, cryogens with a boiling temperature above —150 °C, which 
are used in local cooling such as air conditioning and freezers, are 
classified as conventional coolers, whereas cryogens with a boiling 
temperature below —150 °C, such as hydrogen, CO2, and LNg, are 
classified as non-conventional coolers. When studying a system that 
operates at cryogenic temperatures, it’s important to remember that 
materials’ thermal characteristics fluctuate with temperature. For heat 
transfer calculations at cryogenic temperatures, specific heat, thermal 
conductivity, and notably heat transfer coefficient values for gases and 
liquids are significant thermal characteristics. Eq. (3) gives the formula 
for calculating heat transfer per unit time (Q) [53]. 


Q=C,*m*— (3) 


Feed rate 
= Z 


Workpiece 
width 


Fig. 1. The overall geometric framework of finite element analysis. 
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Table 1 
JC parameters of AA2204-T351 alloy [49]. 
A (MPa) B (MPa) n C m 
352 440 0.42 0.0083 1 
Table 2 
JC fracture constants of AA2204-T351 alloy [49]. 
D1 D2 p3 D4 DS 
0.13 0.13 1.5 0.011 0 
Table 3 
The chemical content of AA2204-T351 alloys [49]. 
Cu Mg Mn Si Fe Zn Cr Ti Al 
4.9 1.2-1.8 0.3-0.9 0.5 0.5 0.25 0.1 0.15 Bal 


Table 4 
The other mechanical and thermal properties of AA2204-T351 alloy [49]. 
E(GPa) Tm a (1076/ k (W/ v p (kg/ Cp (J/ 
PEJ °C) mK) m°) kg°C) 
73 520 8.9 114.4 0.33 2700 877.6 
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Fig. 2. Input of cutting tool parameters to the system. 


Table 5 

The mechanical and thermal properties of the carbide insert [51] 
E (GPa) k (W/mK) a (1076/°C) v p (kg/m) Cp (I/kg°C) 
640 50 4.5 0.22 11,900 220 


temperature decrease per unit time, respectively. By substituting “m = 
A*5*p” in Eq. (4); 


AK SH aT 
Q = C,*A*5* p" (4) 


The heat flux density “q” can be obtained from “Q/A”. Therefore, as a 
result of Newton’s heat transfer rules, Eq. (3) takes the form of Eq. (5). 


dT 
gq =p (5) 


Here, dT/dt is the ratio of the temperature differences such as the 
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cooling rate (T2-T1)/(t2-tl). 


q 
h= T-T; (6) 
In Eq. (6), “h” represents the heat transfer coefficient in W/mK and 
Tw and T; indicate the surface temperature and cryogen temperature of 
LN (—196.5 °C) and CO% (—78.5 °C), respectively. In addition, as 
illustrated in Fig. 3, the heat transfer coefficients for LNz and CO2 were 
inputted as 309 W/m?K and 165 W/m?K [54]. 


2.3. Meshing details 


The mesh structure used in finite element analysis has a big impact 
on the final findings [51]. The basic objective is to create a mesh 
structure that can accurately reflect the geometry. The density of FEs is 
an important metric for determining the correctness of a study. In 
addition, the accuracy of the analysis is also influenced by the element 
type and morphology. Assuming there is no singularity area in the 
model, the greater density mesh gives highly precise results. The 
model’s element mesh, however, is extremely thick, necessitating a large 
amount of computer memory and a lengthy execution time. The issue is 
especially prevalent in nonlinear and transitional analysis when many 
recurring circumstances are present. One method of evaluating the 
quality of a finite element mesh is to compare the results to test data or 
theoretical values. However, test data and theoretical findings are 
typically unavailable in the early phases of research. As a result, new 
tools for evaluating mesh quality are necessary. Meshing sensitivity 
analysis is the most significant of them. In this paper, mesh susceptibility 
analysis using the re-meshing approach provided in Table 6 was used to 
reduce the minimum element size for the workpiece and cutting tool to 
0.15 mm. The software was run on a machine with 16 GB of RAM, 6 GB 
of client cache, and a CPU speed of 2.4 GHz. To solve FE analysis 
quicker, all 8 cores of the computer were employed for parallel pro- 
cessing. First, the element sizes of 1, 0.5, and 0.25 mm were utilized in 
the FE analysis, and the results were 105.7, 95.9, and 87.2 N, respec- 
tively, with computation times of 0.6, 1.3, and 3.8 h. Because of the 
greater values of change in cutting forces in tiny computing time dif- 
ferences, the element size should be reduced. Afterthat, the element size 
was gradually reduced to 0.1 mm. Although the difference in cutting 
force is negligible, the calculation time was increased by approx. 84%. 
As a result, the element size was set to 0.15 mm for a basic test simu- 
lation with a computing time of 6.1 h, as shown in Table 6. 


2.4. Friction model details 
The Coulomb friction model can provide accurate results on the tool 
flank face in FE simulations of the turning process. [55]. In present 


investigation of orthogonal turning, the average friction coefficient (u) 
between tool and chip was assumed as 0.45. Fig. 4 depicts the standard 


Heat Flux (q) 


=e: 


Workpiece 


Fig. 3. Coolant inputs for LN2 and CO3 cryogens. 
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Table 6 
The mesh sensitivity analysis for a simple analysis 


Element size (mm) Cutting force (N) Simulation solving time (h) 


1 105.7 0.6 
0.5 95.9 1.3 
0.25 87.2 3.8 
0.2 82.4 5.1 
0.15 79.5 6.1 
0.1 79.1 11.2 


flow chart for FEs. 
3. Results and discussions 


In this simulation study, the 3D turning was analyzed and a new 
finite element model was developed with Thirdwave Advantage soft- 
ware using the process parameters and boundary conditions detailed 
above. The detail of simulation results are given below: 


3.1. Analysis of predicted cutting forces 


Determination of cutting forces are very important for machine tool 
design and cutting parameters, workpiece material, cutting tool prop- 
erties and cutting environment are the most basic factors that signifi- 
cantly effectss the cutting force values [56]. Moreover, the cutting forces 
are very helpful in estimating cutting power, surface roughness and tool 
wear values. Therefore, the minimum cutting forces are required in all 
machining operations to obtain the sound machining characteristics. 
The finite element analysis results of cutting forces and its influence are 
presented graphically in Fig. 5. In general, FEM-obtained cutting force 
variations tended to be similar for all cutting media and increased with 
increasing feed rate. This result can be associated with the increase in 
the contact area at the tool-chip interface with the increase in feed rate 
and the removal of more material per unit time, as can be stated in Refs. 
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[57,58]. It is also thought that increasing friction in the feed direction 
with increasing feed rate [59] is also thought to contribute to the in- 
crease in cutting forces. However, the lower cutting forces in LN2 and 
CO2 cutting environments can be explained by the decrease in the 
negative effects of friction in the second deformation zone. Thanks to the 
cooling and lubricating effect of LN2 and COz gases, the minimum BUE 
and sticking zone have resulted in lower cutting forces. On the other 
hand, contrary to expectations, cutting forces increased with increasing 
cutting speed in FEM simulations. This can be explained by the metal- 
lurgical changes that occur with the thermo-mechanical effect during 
the deformation of the material. In general, the increased heat during 
deformation can cause strain hardening as well as a softening effect in 
the workpiece. In another sense, the strain hardening effect exceeds the 
softening effect when there is not a high enough shear rate to cause 
thermal softening. In this case, there is an increase in material strength 
and, as a result, an increase in shear forces. A similar observation was 
also done by Hou et al. [60] and Shi et al. [61]. Moreover, Paresi et al. 
[62] proved that the strength of AA2024-T351 material increased due to 
strain hardening up to 200 °C at high deformation rate. From Fig. 5, it 
has been seen that the minimum cutting forces are determined under 
LN2 cooling followed by CO2 and dry environment. The liquid nitrogen 
cooling reduces the forces upto 5.05% and carbon dioxide reduces the 
forces upto 1.58% as compared with dry machining. This may be 
attributed to the fact that the low cutting temperature under liquid ni- 
trogen cooling condition results the improvement of strength of cutting 
tool hardness with lower values of tool wear and as a result, less adhe- 
sion is occured between tool and chip interface [63]. Another fact, the 
liquid nitrogen boiling temperature is significanlty less than carbon di- 
oxide and this low boiling temperature prevents the workpiece and tool 
material from overheating [64]. The other reason is that the liquid ni- 
trogen absorbs the heat very quickly and provides good lubrication ef- 
fect at cutting zone [65]. 
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Fig. 4. The flow chart of the FE simulations. 
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Fig. 5. FE results of Dry, LN2, and CO% condition. 


3.2. Analysis of predicted cutting temperature 


In order to examine the machining performance, it’s very important 
to determine the temperature especially at the cutting zone during 
machining operation. The aluminium is as soft as titanium alloy having 
low thermal conductivity [66] this property of aluminium alloy results 
in higher cutting temperature at cutting zone. The poor thermal con- 
ductivity of the Al alloy like titanium alloys means that only 20% of the 
heat generated is removed from the machining area [67]. Fig. 5 also 
demonstrates the FEM results of cutting temperature while machining 
aluminium alloy under different cooling conditions. During the 
machining of soft materials like aluminium alloys, the heat is not 
evacuated from cutting zone and as a results, the build up edge accel- 
erates with the increase in cutting speed values [68]. Similarly, the feed 
rate is also noticed at dominant factor effect the cutting temperature 
values and when the feed rate is increased, the value of cutting tem- 
perature is also increased upto 10%, respectively. This can be attributed 
to the greater feed, which increases the cutting temperature by pro- 
moting energy in the system and producing more friction between the 
machined workpiece material and the cutting insert. This result supports 
the literature [69,70]. On the other side, the cutting temperature values 
are less in the case of carbon dioxide cooling and this is due to the fact 
that when CO, is transferred to the tool-chip contact area, cryogenic 
liquid absorbs heat and dissipates quickly from the region, which is the 
main factor in further lowering the cutting temperature. Therefore, the 
drop of temperature under CO% has been noticed from 11% and 26% 
respectively as compared with LN2 and dry environment. This is also 
evidence that the cooling efficiency of CO3 decreases at elevated cutting 
speeds and feed rates. Moreover, the application of both cryogenic 
cooling conditions help to break the chips into small pieces. With this 
phenomena, the rubbing of chips with cutting tool is reduced and as a 
result, less friction was generated at tool-chip interface as mentioned by 
Danish et al. [71]. Hence, the temperature has been reduced as 
compared with dry machining. The complete mechanism of chip 


breakage is also shown in Fig. 6. 


3.3. Verification of FE by turning experiments 


3.3.1. Experimental procedure for verification 

The simulation was carried out under the same experimental test 
conditions. Machining of commercially available AA2024-T351 alloy 
was carried out using CVD TiCn-Al203-TiN coated carbide cutting tools 
with ISO designation of CNMG 120408. The workpiece had a diameter 
of 30 mm and a length of 100 mm. To reduce the effect of work hard- 
ening, the first 0.5 mm layer was removed. The 0.8 mm nose radius, the 
side cutting edge angle, also known as principal cutting angle, was 90° in 
this study. Moreover, the actual tests were also carried out at same 
conditions with FE simulations. The CNC lathe machine was utilized for 
this aim. Table 7 lists the machine tool as well as the cryogenic cooling 
system characteristics. The process parameter levels were chosen using a 
tool manufacturer’s handbook and preliminary tests. The experimental 
design is shown in Annexure 1. During the experiments, a depth of cut of 
0.5 mm was used and a machining time of 60 s was taken into account. 
Table 8 lists the cutting parameters in detail. Then, using a Fluke ther- 
mal camera and a Kistler 9257A dynamometer, the cutting temperature 
and cutting forces were measured. The positioning of the thermal 
camera was on rake face from which the temperature from main cutting 
zone or primary share zone was measured. Moreover, during the tem- 
perature measurements with thermal camera, the main problem is 
(usually) the measurement of temperature onto the outer plane of 
flowing chip, whereas in FEM model the direct temperature in the cut- 
ting zone is evaluated. Thus, it is difficult to compare the temperatures 
measured on the distinct zones. However, to solve this problem, initially 
the temperature were measured and calibrated with simulation results 
and the overall, cutting temperature values during the machining ex- 
periments were considered for comparison. All measurements were 
taken five times and after that the average values were considered for 
analysis. Mentioned measurements were performed online and 
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a) Dry b) LN2 c) C02 


Fig. 6. Chip mechanism under different cooling conditions (a) Long and continuous chips, (b) & (c) Short chips due to cryogenic cooling. 


Dynoware software was used to transfer the cutting forces information 


Table 7 to computer. Fig. 7 depicts the study’s overall flow diagram. 


Technical parameters of CNC turning center and cooling conditions 


Machine Specifications 3.3.2. Analysis of results 

CNC lathe machine Minimum and maximum spindle speed 200-3000 RPM with The experimental, simulation and deviation results are shown in 
6KW motor. Figs. 8 and 9. It is seen from Fig. 8 (a)-(c) that the Fc values obtained 

Cooling condition Flow rate of coolant: 0.35 L/min, pressure: 4 bar, dimensions 


with FEM are relatively larger than the experimental data when the feed 
rate is 0.2 mm/rev. This result can be explained by the pressure formed 
in the second deformation zone as the feed increases. The segmented 
chip formation [49] increases with the increase in feed and it also in- 
creases the pressure created by the friction effect at the tool-chip 
interface, thus increasing the cutting forces. When the experimental 
and numerical analysis results are examined, it has been determined that 


details of nozzle: 1 mm brass nozzle diameter, 2 nozzles with position 
at rake face 


Table 8 
The machining factors and their levels 


Factors Level the cutting media that offers the lowest cutting forces is LN2 cooling, 

1 2 3 followed by CO2 and dry environment. The lowest cutting force was 
Cutting speed (V) 100 = 150 found in 0.1 mm/rev feed, 100 m/min cutting speed and LNg2 cutting 
Feed rate (f) 0.1 - 0.2 environment. Compared to dry cutting, an average of 8.8% less cutting 
Cooling conditions Dry LN2 CO2 force was obtained in LN2 assisted machining and 4.4% less in CO2 


assisted machining. In addition, the experiment run # 4 i.e., cutting 
speed of 150 m/min, feed rate of 0.20 mm/rev and dry conditions shown 
in Fig. 8 (c) provides the minimum standard deviation value of 0.67 and 
the average deviation value obtained were 5.71. Therefore, it is worthy 
to mention that the simulation model developed for cutting forces are 
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Fig. 8. Comparison of main cutting force; a) f = 0.1 mm/rev, b) f = 0.2 mm/rev and (c) Deviation of cutting forces results with respect to experimental results. 


very close to experimental values, respectively. Hence, the developed 
model is suitable for prediction of cutting forces under specified cutting 
conditions. 

Similarly, the experimental, simulation and standard deviation 
values of cutting temperature are shown in Fig. 9 (a)-(c), respectively. It 
can be seen that the cutting temperatures obtained in experimental and 
FEM simulation remain within the temperature threshold mentioned in 
the literature (Fig. 9). When this situation is compared with respect to 
cutting media, the highest increase in cutting temperature with 
increasing cutting speed is 22 °C in dry cutting, while it is around 5 °C in 
LN2 and CO» cutting environments. When the cutting temperatures are 
compared, experimentally and numerically the smallest temperature 
value was obtained in the CO2 environment at the smallest feed and 
cutting speed. In the light of all the evaluations, the average 5.7% and 
6.16% deviations between the experimental and cutting simulations, 
respectively, in terms of cutting force and cutting temperature indicate 
the suitability of the JC material model, coefficient of friction and FEM 
simulations. In the literature, most of the FE machining studies shows 
that the deviation less than about 10% is thought as the acceptable range 
between the finite element model results and experimental validation 
[72,73]. In addition, the experiment run # 11 i.e., cutting speed of 100 
m/min, feed rate of 0.20 mm/rev and CO3 cooling conditions shown in 
Fig. 9 (c) provides the minimum standard deviation value of 4.58 and 
the average deviation value obtained were 6.16, respectively. Therefore, 


it is worthy to mention that the simulation model developed for cutting 
temperature is very close to experimental values. Hence, the developed 
model is suitable for prediction of cutting temperature under specified 
cutting conditions. 


3.3.3. Discussion and comparison of the results 

During comparison of FEM and experimental results, the develop- 
ment of friction model and meshing accuracy plays an important role. 
Apart from these, the selection of Johnson Cook parameters that spe- 
cifically matches the material properties is highly important to get the 
accurate results. The mechanical features, microstructure, and other 
characteristics of the workpiece material employed in this study, how- 
ever, may differ from those reported in the literature for the same ma- 
terial [74]. The strength of the interatomic connection is primarily 
responsible for mechanical qualities. Furthermore, the material’s 
microstructure has an major impact and different mechanical properties 
such as tensile strength, compressive strength, hardness, and toughness 
of the same material can be achieved by modifying the microstructure 
[75]. In addition, the same material have different tensile strength 
values and thats why, researchers considered the average of 4-5 tensile 
strength values from the same test situation [76,77]. Moreover, the 
precipitation hardening properties of material plays an active role to 
differentiate the texture of same materials. The strength of the material 
is increased because the material is separated from the main phase in the 
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Fig. 9. Comparison of cutting temperature; a) f = 0.1 mm/rev, b) f = 0.2 mm/rev (c) Deviation of cutting temperature results with respect to experimental results. 


form of particles [78]. This process is mostly used to increase the 
strength of material generally in the case of non ferrous materails such as 
Ti, Al, Mg [79]. The prevention of the displacement movement of the 
precipitates created by the precipitation of supersaturated melts is the 
major explanation for the enhanced strength with precipitation hard- 
ening. However, the compatible material in the finite element software 
can behave in the same way as certain compatible parameters, such as 
JC inputs, constants, tensile parameters, Young’s modulus, and so on. No 
special conditions can be defined for the structure of the material in the 
certain software. Therefore, a mean deviation of 5-6% can be due to 
these situations. It was emphasized by [80] that the reason for the de- 
viation can be caused by less accurate engagement and friction models. 
In addition, similar findings were also reported by Korkmaz et al. [47]. 
The researchers have attributed the inconsistency to both the structure 
and hardness of the workpiece material. It is also among the reasons that 
the depth of cut is less than the radius of the cutting edge. Thats why, FE 
software cannot model this effect and under cryogenic conditions, the 
heat transfer coefficient is assumed to be constant. Since, the cutting and 
cooling process is a thermodynamic process, therefore it really needs to 
be modeled dynamically [81] or as a function of temperature [82]. 
However, solving a simple FE simulation under cryogenic conditions can 
be very time consuming and thats why the heat transfer coefficients are 
kept to be constant. 


4. Conclusions 


The study aims on the AA2204-T351 turning process under LN2/CO2 
cooling and uses FEM to model this process. The purpose of this study is 
to analyze the extent to which the widely adopted LN2/COz2 cooling 
technology performs its intended function to meet the requirements for 
sustainable processing. In addition, in light of the FEM data of this study, 
it aims to validate the FEM simulation study through an experimental 
turning process and to validate the evaluation of the results obtainable 
from the machining process. The main results of this study can be 
summarized as follows. 


e Liquid nitrogen cooling lowers the cutting forces upto 5.05% and 
carbon dioxide cooling reduces the cutting forces upto 1.58% as 
compared with dry conditions. 

e When CO2 is injected to the tool-chip contact region, it absorbs heat 
and evaporates rapidly from area, causing the cutting temperature to 
drop. CO2 has the lowest cutting temperature than LN2 and dry 
environment by 11% and 26%, respectively. This is evidence that the 
cooling efficiency of CO2 decreases at elevated cutting speeds and 
feed rates. 

e The lowest cutting force was found at 0.1 mm/rev feed, 100 m/min 
cutting speed and LN2 cutting environment. Compared to dry 
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cutting, an average of 8.8% less cutting force was obtained in LN2 
assisted machining and 4.4% less in CO2 assisted machining. 

e The highest increase in cutting temperature with increasing cutting 
speed is 22 °C in dry cutting, while it is around 5 °C in LN2 and CO2 
cutting environments. When the cutting temperatures are compared, 
experimentally and numerically the smallest temperature value was 
obtained in the CO% environment at the smallest feed and cutting 
speed. 

e In the light of all the evaluations, the average of 5.7% and 6.16% 
deviations between the experimental and cutting simulations were 
observed and the results indicate the suitability of the JC material 
model, coefficient of friction and FEM simulations. 
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Appendix A 

Exp. No. Cutting speed, v. (m/min) Feed, f Cooling Conditions 

(mm/rev) 

1 100 0,1 dry 

2 150 0,1 dry 

3 100 0,2 dry 

4 150 0,2 dry 

5 100 0,1 LN2 

6 150 0,1 LN2 

7 100 0,2 LN2 

8 150 0,2 LN2 

9 100 0,1 co2 

10 150 0,1 co2 

11 100 0,2 co2 

12 150 0,2 co2 
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